ABSTRACT Alpha-synuclein (aS) is a 140-amino-acid protein that is involved in a number of neurodegenerative diseases. In Parkinson's disease, the protein is typically encountered in intracellular, high-molecular-weight aggregates. Although aS is abundant in the presynaptic terminals of the central nervous system, its physiological function is still unknown. There is strong evidence for the membrane affinity of the protein. One hypothesis is that lipid-induced binding and helix folding may modulate the fusion of synaptic vesicles with the presynaptic membrane and the ensuing transmitter release. Here we show that membrane recognition of the N-terminus is essential for the cooperative formation of helical domains in the protein. We used circular dichroism spectroscopy and isothermal titration calorimetry to investigate synthetic peptide fragments from different domains of the full-length aS protein. Site-specific truncation and partial cleavage of the full-length protein were employed to further characterize the structural motifs responsible for helix formation and lipid-protein interaction. Unilamellar vesicles of varying net charge and lipid compositions undergoing lateral phase separation or chain melting phase transitions in the vicinity of physiological temperatures served as model membranes. The results suggest that the membrane-induced helical folding of the first 25 residues may be driven simultaneously by electrostatic attraction and by a change in lipid ordering. Our findings highlight the significance of the aS N-terminus for folding nucleation, and provide a framework for elucidating the role of lipid-induced conformational transitions of the protein within its intracellular milieu.
INTRODUCTION
The protein alpha-synuclein (aS) is known to be implicated in both idiopathic and inherited forms of Parkinson's disease (PD) as well as in a number of other neurodegenerative disorders (1) (2) (3) (4) (5) (6) . This protein was first recognized as the major component of disease-associated intracytoplasmic fibrillar deposits in specific types of neurons (Lewy bodies) considered to be the pathological hallmark of sporadic PD (7, 8) . In dilute solution, the intrinsically disordered state of monomeric aS is characterized by a dynamic ensemble of transiently interconverting conformations involving a broad energy landscape (9) . Molecular crowding in the native intracellular environment may shift this dynamic equilibrium in favor of a particular folded state. At higher concentrations, there is a striking aggregation propensity and-upon long-term incubation-fibrillar structures eventually form that bear remarkable resemblance to the intracellular amyloid deposits encountered in PD. Three single-site mutations of the aS protein are known to be associated with inherited early-onset variants of PD (10) (11) (12) . These mutant proteins undergo accelerated oligomer formation, and two of them rapidly form large fibrillar structures (13) . A hydrophobic sequence domain, referred to as nonamyloid-b component (NAC) (residues 61-95), has a critical role for nucleation of the aggregation process (14) . In addition, the amino-acid sequence of aS is characterized by seven imperfect repeats containing a KTKEGV consensus motif (Fig. 1) . Similar motifs are found in apolipoprotein A-I, which forms amphipathic helices upon lipid-binding (15) (16) (17) . This is in line with the observation that the intrinsically disordered aS monomer undergoes a coil/helix transition upon binding to small unilamellar vesicles (SUVs) that feature a negatively charged lipid-water interface (18) or interfacial packing defects (19) . The amphipathic nature of the aS N-terminus may play a role in membrane interaction similar to rat endophilin N-BAR domain (20, 21) , which may allow for curvature sensing (22) . Notable contributions for our recent understanding of membrane interactions and of the conditions that promote the misfolding and aggregation of aS have been provided by Anthony Fink (23) .
A variety of spectroscopic techniques have been employed to obtain high-resolution structural information on the interface-associated state of the protein (24) (25) (26) (27) (28) (29) . Pulsed electron spin resonance spectroscopy has provided evidence for a continuous single helix when the protein is associated with a flat lipid interface (26) (27) (28) , in conformity with recent computational work (30) . Moreover, truncation of the C-terminus results in accelerated aggregation of the protein (31) , indicating that the flexibility of the C-terminus may result in stabilization of rapidly interconverting structures in solution, thereby inhibiting aggregation (32) . The C-terminus has also been associated with age-related, calcium-induced membrane interaction and subsequent protein aggregation (33) . The N-terminus confers toxicity to the protein, while deletion of an N-terminal peptide not only alleviates toxicity but also decreases the helix propensity (34) . Yet there are still unresolved questions regarding the lipid selectivity of interfacial aS binding. The affinity of the monomeric protein for packing defects in a phospholipid bilayer (19) , and the observation that membrane-assisted binding and folding occurs in the presence of vesicles containing sphingomyelin and cholesterol, with a known tendency to undergo lateral phase separation (35) (36) (37) , underscores the need for additional research. Sphingomyelin and cholesterol are abundant in synaptic vesicle membranes (38) and have also been found in Lewy bodies (39) , suggesting that lipid domains (rafts) could provide a platform for aS lipid binding (40) . Here we use a combination of circular dichroism (CD) spectroscopy and isothermal titration calorimetry (ITC) to establish the role of the N-terminus for membrane-assisted binding and folding of the monomeric protein. Membrane-assisted folding an intrinsic property of aS; notably the high folding propensity of the short N-terminal sequence comprising residues 1-25 suggests that nucleation of the cooperative coil/helix transition of the adjacent large protein domains emerges from the amino-terminus of the protein.
METHODS
Circular dichroism spectra were recorded with a model No. 810 spectropolarimeter (JASCO, Gross Umstadt, Germany). The experiments were carried out using a quartz cell with 0.2-cm pathlength. Far-ultraviolet spectra for the 25-amino-acid fragments were recorded from 260-200 nm, and the signal/noise ratio was improved by accumulating and averaging four scans. Spectra for the 1-20 peptide were collected on a DSM 20 double-beam spectropolarimeter (Olis, Bogart, GA) with the same pathlength cell from 300 to 190 nm for both low and high salt conditions, at a rate of 0.25 nm s À2 for three scans. The temperature on each spectrometer was controlled within an accuracy of 50.5 C. For the spectra of the peptides bound to vesicles, the lineshapes of the vesicles alone in buffer were acquired at each temperature and then subtracted. Calculation of the helicity was performed as described previously (19) . Briefly, f helix ¼ ð½Q 222 À ½Q coil Þ=ð½Q helix À ½Q coil Þ; where % helicity ¼ 100 f helix . The mean-residue ellipticities at 222 nm for the completely unfolded and completely folded peptides were obtained from ½Q coil ¼ 640 À 45 T= C and ½Q helix ¼ À40; 000ð1 À 2:5=nÞ þ 100 T= C; where n equals the number of amino acids in the polypeptide (41) . Isothermal titration calorimetry measurements were performed with a VP-ITC instrument (MicroCal, Northampton, MA). Typically, 40 injections of 7 mL each were performed into the calorimeter chamber containing 1.41 mL of the protein or peptide solution. The data were processed using the software ORIGIN (MicroCal), and thermodynamic parameters were determined from the sigmoidal titration curves, assuming independent saturable binding sites in the outer vesicle interface. First, the ligand concentration was equated with the total lipid concentration in the syringe, neglecting the aggregation state of the lipids. Second, N independent lipid binding sites on the protein were assumed (19) . The fractional occupancy of lipidbinding sites on the protein can be obtained from the total heat released, which is a function of N, the microscopic binding constant K b , and the change in enthalpy. The number N can be identified with the total lipids associated with one protein molecule. This yields the enthalpy per mole of protein, and a single macroscopic binding constant K b . Details of the calculation are described elsewhere (19) .
RESULTS
Membrane-assisted folding of N-terminal a-synuclein peptides is revealed by circular dichroism spectroscopy Small peptides and larger truncated protein variants were selected from the aS primary sequence to investigate the initiation of the structural transition from an unfolded into a membrane-associated helical state (Fig. 1) . The fragments were selected so as to cover sequence domains that have been previously shown to be critical for aggregation of the protein (42) , or for the coil/helix transition induced upon contact with membranes or with detergent micelles (25, (43) (44) (45) (46) . Fig. 1 summarizes the peptides and the truncated proteins used in this study and their correlation with previously identified sequence domains.
Circular dichroism spectroscopy, using the ellipticity at 222 nm, reliably detects the transition from a random coil to a helical peptide conformation as long as no other conformations are involved. Here we assessed interactions of the aS-derived peptides with SUVs containing lipids with acidic headgroups, lipids with zwitterionic headgroups below the chain melting phase transition temperature (T m ) of the acyl chains, and lipid mixtures-with and without net surface charges-that undergo phase separation. The first peptide to be studied was the N-terminal amino-acid sequence 1-20. This aS fragment has no net charge at neutral pH and comprises one of the seven repeat motifs (KTKEGV; see Fig. 1 ). The peptide was mixed in the cuvette of the CD spectrometer with SUVs consisting of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) at a phospholipid/peptide molar ratio of R L/P ¼ 167. These vesicles alone undergo a broad thermal transition centered at 39 C due to packing stress in the curved membrane, rather than 41 C as found for multilamellar dispersions.
FIGURE 1 Amino-acid sequence of a-synuclein. The N-terminal region is blue, the aggregation-prone (NAC) domain is in green, and the C-terminal region is in red. The seven imperfect repeats are indicated in bold type. Protein fragments are schematically shown as bars above (synthetic small peptides) or below (chemically truncated protein). For clarity, the N-terminal truncated mutants are omitted.
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An affinity of full-length aS for packing defects in such vesicles has recently been discovered by combining CD spectroscopy and isothermal titration calorimetry (19, 35) . Far-ultraviolet CD spectra (47) were recorded over a temperature range from 45 to 20 C, either with 10 mM phosphate buffer alone (pH 7.0), or with the same buffer in the presence of 140 mM KCl (Fig. 2, A and B, respectively). These temperature downscans reveal a change in ellipticity that is most prominent at 222 nm, indicating that there is, to some extent, a transition from a randomcoil to a helical conformation. Notably, the conformational transition occurs over the temperature interval from 32 to 20 C (i.e., it commences below the phase transition of the vesicles). This may be contrasted to the more-abrupt conformational change that occurs close to the lipid phase-transition temperature when monomeric full-length aS interacts with DPPC vesicles (19) . Isodichroic points at 202 nm can be recognized, both in the presence of low and high ionic strength, suggesting that there are just two interconverting peptide conformers in the temperature range of the conformational transition of the 1-20 peptide.
Next, we studied the interaction of the 1-20 peptide with SUVs comprising an equimolar mixture of DPPC and 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG). These lipids mix almost ideally in the liquid-crystalline state of the vesicles, according to the narrow heat capacity peak at 39 C. Hence, there are two contributions to the interfacial lipid-peptide interaction below the phase transition temperature. These are the negative surface charges provided by the phosphoglycerol headgroups, and the interfacial stress due to lipid freezing in the highly curved vesicle membrane (19) . The peptide indeed undergoes a coil/helix transition in the presence of these vesicles (Fig. 2, C and D) . At low ionic strength the electrostatic interaction seems to prevail, because there is no sudden change of the mean-residue ellipticity [Q] 222 that can be correlated with lipid chain melting (Fig. 2 C) . Instead, the spectra change continuously with decreasing temperature, and a well-defined isodichroic point is obtained.
Increasing the ionic strength has a strong effect on the lipid interaction of the peptide ( Fig. 2 D) ; i.e., the CD spectra now reflect the lipid phase transition, similar to the result obtained with DPPC alone, as shown in Fig. 2 , A and B. At 20 C, the ellipticity minimum at 222 nm and a prominent minimum at 205 nm indicate that, upon electrostatic shielding, there is even less helical folding than in the presence of DPPC vesicles (Fig. 2 B) . Considering that the 1-20 sequence has no net charge at neutral pH, it must be concluded that the positive and negative amino-acid charges (K6, K10, K12, and D2, E13, E20, respectively) are asymmetrically distributed, so as to enable an optimal interaction of the positive lysine side chains with the negative lipid headgroups. A helical-wheel representation indeed shows the uneven distribution of charged and uncharged amino acids (Fig. 3) . As a result, we propose that the nonpolar side of the helix immerses into the lipid interface with the lysines being in close contact with the PG headgroups and the aspartate and glutamate side chains facing the aqueous , 140 mM NaCl. All samples contained 10 mM Na phosphate, pH 7.0. Total phospholipid concentration was 5 mM and the peptide concentration was 30 mM in a cuvette of 0.2-cm pathlength. CD spectra in terms of decreasing ellipticity at 222 nm were recorded at temperatures of 46, 42, 40, 38, 36, 32, 28, 24, and 20 C. Control spectra acquired without peptide, but with the same buffer and phospholipid concentration, were subtracted for each temperature.
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The mean-residue ellipticity obtained for the 1-20 peptide in the presence of DPPC/DPPG vesicles at 20 C and low ionic strength (see Fig. 2 C) yields a helicity of 69% (see Methods). This may be due either to an imperfect folding in the bound state, assuming that all of the peptide is bound, or to the presence of unbound peptide in equilibrium with a bound portion. To address this problem, isothermal titration calorimetry was used (Fig. 4 A) which yielded N ¼ 78 lipid molecules associated with one peptide molecule. A single macroscopic binding constant K b ¼ 1.02 Â 10 6 M -1 is obtained, which characterizes the association of the N lipids with the peptide molecule, provided that the peptide-lipid binding equilibrium can be described by P þ L c ¼ PL c , where P is the peptide and L c the virtual cluster of N lipids associated with the protein (see Methods for details) (19) . The percentage of vesicle-associated peptide, PL c , can be calculated from this binding equilibrium (48) . For the experiment shown in Fig. 2 C (total protein and lipid concentrations, 30 mM and 5 mM, respectively), it turns out that the bound portion of the peptide amounts to 97.3%. Considering the helicity of 69% this indicates that a considerable portion of the 1-20 peptide remains disordered, even when almost all of the peptide is lipid-associated. Similarly, ITC yielded 99.9% binding for the full-length protein at the same temperature and total lipid/protein ratio (Fig. 4 C) , although the helicity was only 48% (see Fig. 5 ) (19) .
Peptide fragments reveal the modular organization of full-length a-synuclein
Overlapping aS fragments, ranging from 25 to 28 residues, were studied next, allowing us to scan the aS sequence for membrane-mediated helix folding. Peptides were selected so as to cover the aS sequence up to residue 85. Experimental conditions (100 mM KCl, pH 7.4) were chosen to be close to those of the intracellular milieu. Here we show the helicity (Fig. 5) as obtained from the mean-residue ellipticity values at 222 nm at 20 C (see Methods). This simplifying approach seems justified, as deconvolution of the spectra (49) typically yielded <15% of contributions from structures other than helix or coil. We cannot rule out that a larger fraction of extended b-structure contributes to the CD spectra in cases where deconvolution is not feasible due to poor signal/noise. However, we believe that the temperature dependence of the spectra reflects an increasing contribution of helical folding with decreasing temperature, particularly if the temperature scans involve a lipid chain melting phase transition. There is a distinct propensity for helix formation of the full-length protein and the 1-25 fragment, triggered by contact with any of the vesicular membranes shown in Fig. 5 . In contrast, the 1-20 peptide does not fold in the presence of the liquid-crystalline 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/ 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) vesicles, but does so, although to a lesser extent, in the presence of DPPC vesicles below the chain melting phase transition temperature. The 31-55 peptide has even less helix propensity in the presence of vesicles comprising POPC/ POPG or DPPC alone, though it exhibits a surprising affinity for the DPPC/DPPG interface. This peptide incorporates three positive net charges (including H50) and two KTKEGV motifs. The particular arrangement of these residues along the helical circumference allows for strong simultaneous charge and hydrophobic interactions in the disordered defect zones of the DPPC/DPPG vesicle interface below the transition temperature.
These results clearly show that the N-terminal peptides not only respond to electrostatic forces, but also to packing defects in the vesicular membrane. Separation of these contributions can be achieved by monitoring the temperature dependence of the coil/helix transition in the presence of the different vesicles (Fig. 6 ). For comparison, the temperature dependence of the mean-residue ellipticity of the full-length aS protein is included (Fig. 6 A) . In the presence of vesicles consisting of DPPC alone, the full-length protein undergoes helix folding in the temperature range of the chain melting transition of the vesicles, in accord with previous findings (19) . By contrast, the negative surface charge of POPC/POPG vesicles results in a partially folded protein over the entire temperature range (18) . In DPPC/DPPG vesicles, the negative headgroup charges give rise to mean-residue ellipticities similar to those obtained in the presence of the POPC/POPG mixture. A further decrease to more negative ellipticity values occurs at the transition temperature, which is in line with a cumulative effect of electrostatic interactions and interfacial packing defects.
The temperature dependence of the membrane-induced coil/helix transition of the 1-25 peptide is similar to the thermal behavior of the full-length protein, but surprisingly different from the 31-55 peptide (Fig. 6, B and C) . Peptide 1-25, similar to aS itself, assumes a helix (~30% helicity) when mixed with POPC/POPG vesicles in a temperatureindependent manner, while the strong temperature dependence in the presence of DPPC/DPPG vesicles is clearly related to the chain melting phase transition. The phase transition in the presence of DPPC vesicles alone induces a similar conformational change, but over a much broader temperature range than for the full-length protein. In contrast, the 31-55 fragment does not undergo helix folding in the presence of the liquid-crystalline POPC/POPG vesicles, and DPPC vesicles are only able to elicit a small effect at temperatures far from the lipid phase-transition temperature (Fig. 6 C) . The interaction with DPPC/DPPG vesicles, however, is surprisingly strong for this peptide, and the coil/helix transition commences in the temperature range where lipid chain melting occurs. The mean-residue ellipticity of -21,000 deg cm 2 dmol -1 obtained at 20 C during a temperature downscan (which translates into 61% helicity) clearly exceeds the values reached by the other peptides, except for the 1-25 sequence. Evidently, there is a nearly perfect match when the 31-55 peptide helix dips into the molecularly rough interface of the curved gel-state DPPC/DPPG vesicles, which arises from the dislocation stress field. However, there may be no such opportunity for the POPC/POPG vesicles with a liquid-crystalline interface relatively free of defects. Specifically, the lysine residues within the KTK motifs are offset by~200 deg, which puts them on opposite sides of the a-helix as depicted by the Biophysical Journal 99 (7) 2116-2124
helical wheel in Fig. 3 . This spatial arrangement may allow for proper positioning of the helix due to interaction of the positive amino-acid charges with the negative surface potential of the membrane, thereby dragging the nonpolar residues of the sided helix deeper into the membrane interface.
The N-terminus triggers interfacial binding and helix folding of full-length a-synuclein
Next, we constructed a number of truncated aS variants by stepwise removal of residues from the N-terminus, as well as two fragments that lacked the acidic C-terminal tail of the protein (Fig. 7) . Various lipid compositions were studied, including a mixture of neutral lipids that undergoes lateral phase separation (36) . There was always a stoichiometric excess of the vesicles, i.e., the total lipid/protein molar ratios were R L/P ¼ 588 (for the aS deletion mutants) or R L/P ¼ 833 (for the chemically truncated or for the fulllength protein), which is more than twice the saturation ratio as determined by CD or ITC titration (19) . The largest absolute mean-residue ellipticities were obtained with the 1-115 protein variant for all lipid mixtures shown in Fig. 7 . Perhaps this is not surprising if one considers that the C-terminal sequence domain does not take part in the helix folding of the full-length protein (50) . Assuming that the truncated sequence reaches the same extent of helix folding as the full-length protein, one may expect that the mean-residue ellipticity increases by~18%. However, the ellipticity was only~5% larger than the value obtained for full-length aS, probably due to some disorder in the new C-terminus after removal of 25 residues. In addition to these end effects, there may be a loss of stabilization of the protein structure, owing to an interaction between the C-terminus of aS and the central hydrophobic domain of the protein (51) (see Discussion). The salient feature of Fig. 7 is the systematic reduction of the membrane-induced mean-residue ellipticity upon stepwise truncation of the N-terminus. This suggests that the N-terminal amino acids are essential for membrane recognition and for the initiation of the folding of the entire protein. Even removal of the first two N-terminal amino acids (methionine and aspartate) has a remarkably strong effect in membranes with a mixed lipid composition. These FIGURE 6 Temperature dependence of mean-residue ellipticity at 222 nm reveals varying affinities of N-terminal sequence domains to surface charges and membrane defects. (A) Full-length a-synuclein, (B) 1-25 peptide, and (C) 31-35 peptide. Small unilamellar vesicles (phospholipid concentration 5 mM) were mixed with 6 mM aS or 30 mM of the peptides in 100 mM KCl, 20 mM Na phosphate, pH 7.4, corresponding to phospholipid/protein molar ratios of 833:1 and 167:1. The molar ratio of phospholipids in the binary mixtures was 1:1. The temperature range of the phase transition for DPPC and DPPC/DPPG vesicles is indicated by the hatched area. Note the additive effect of electrostatic interaction and chain melting phase transition on the mean-residue ellipticity of the full-length protein and the 1-25 peptide.
FIGURE 7
Stepwise removal of N-terminal amino acids from a-synuclein yields a progressive decrease of membrane-induced helical folding. Mean-residue ellipticities of SUVs were determined in 20 mM sodium phosphate, pH 7.4, and 100 mM KCl. Total SUV lipid concentration was 5 mM; protein concentrations were 8.5 mM and 6 mM for the deletion and truncation mutants, corresponding to lipid/protein molar ratios of 588 and 833, respectively. The molar ratio of phospholipids in the binary mixtures was 1:1. Temperature, 20 C.
Biophysical Journal 99 (7) 2116-2124 results indicate that the initiation of the aS coil/helix transition is an intrinsic feature of the N-terminal protein sequence, independent of the particular properties of the membrane interface. The low mean-residue ellipticity of the 6-115 fragment obtained with any of the vesicle membranes is also in excellent agreement with the notion that the N-terminus determines the folding of the full-length protein.
Isothermal titration calorimetry at 20 C yielded N ¼ 123 for the lipids associated with one protein molecule and a binding constant K b ¼ 2.2 Â 10 6 M -1 (see Fig. 4 B) , which gives 99% binding when allowance is made for the protein and lipid concentrations pertinent to the CD experiment. The helicity of 19% obtained under the same conditions (see Fig. 7 ) suggests that there is even more disorder in the membrane-bound state of this truncated version of aS than in the bound full-length protein. Comparing this with the result obtained for the 1-115 fragment (helicity 51%), it is obvious that the five N-terminal amino acids are critical for the folding of the protein, regardless of the high folding propensity of the downstream peptide 31-55 (see Figs. 6 and 7).
DISCUSSION

Membrane affinity and helix formation is intrinsic to the N-terminus of a-synuclein
The results presented here afford new insights into the structural properties of the various aS sequence motifs. The conformational transition of aS is triggered by the N-terminus, as shown by the membrane affinity and helix propensity of the 1-25 peptide fragment, rather than by being a function of cooperative all-or-none folding of the entire protein. Moreover, our data suggest that the 1-25 peptide features a similar selectivity for different lipid compositions as the full-length protein. Notably, the adjacent 9-36 sequence that is part of the NMR-derived N-terminal helix formed in the presence of SDS micelles (25) is much less prone to undergo a spontaneous conformational transition at a membrane interface. Membrane-induced helix folding is negligible in the presence of POPC/POPG vesicles for all peptides shown in Fig. 5 , except for the 1-25 fragment. Only the 1-25 and 1-20 peptides respond to the electroneutral defect interface of gel-state DPPC vesicles. Hence, the N-terminus triggers the coil/helix transition of the protein in different membranes.
The low affinity of the 1-20 peptide for the POPC/POPG interface is not surprising, because this peptide has no net charge. The 1-20 peptide was chosen to demonstrate that even weak interaction with a defective membrane interface, in the absence of strong electrostatic forces, leads to partial helix folding. There are, however, positive side-chain charges in excess over negative ones for the 9-36, 31-55, and 41-65 peptides (two, two, and one, respectively). Hence, the mere charge excess is not sufficient for membrane recognition and helix folding of these fragments. Rather, it must be assumed that there is a slight preponderance of partially folded structures in the ensemble of rapidly interconverting conformations, which makes the 1-25 peptide more adapted to recognize the lipid interface than the C-terminal segments. This peptide selectivity is in qualitative agreement with a recent NMR study, which demonstrated preferential lipid binding and folding for the Nterminal sequence of the full-length protein (52) .
Packing defects and membrane surface potential are determinants of a-synuclein binding Notably, there is a high proclivity of the peptides for the folded state in the presence of the DPPC/DPPG vesicles. This lipid mixture provides two favorable properties simultaneously, i.e., packing defects and negative surface charges. The accessibility of the hydrophobic membrane core is evidently crucial for both hydrophobic and electrostatic contact of the extended full-length protein helix (27) . The detrimental effect of aS oligomers on bilayer integrity indeed conforms with this paradigm (53) . In contrast to aS oligomers, however, binding of the monomeric protein results in stabilization of a defective interface (19, 35) . Further support comes from the observation that the fulllength protein and peptide 1-25 are able to reduce the calcium or detergent-induced fusion of small unilamellar vesicles (see Fig. S1 in the Supporting Material). A recent study, demonstrating that overexpression of aS in a primary hippocampal cell culture results in considerable inhibition of neurotransmitter release (54) , is also in line with a retarding effect of aS upon vesicle fusion. The reduced clustering of synaptic vesicles near the active zone observed by these authors may indeed be related to the observed inhibition of in vitro vesicle fusion as aS stabilizes the synaptic vesicle reserve pool (1, 19) .
The strong interaction of the 31-55 peptide with gel-state DPPC/DPPG vesicles seems surprising, considering the broken-helix model that has emerged from previous highresolution NMR studies. In the presence of SDS micelles, the protein forms two antiparallel helices connected by a hinge region that comprises most of the residues of this peptide (24, 25, 46, 55) . However, a contiguous helixcomprising at least residues 3-90-exists in a vesicular membrane interface with a much larger radius of curvature than a micelle (27) . Evidently, the membrane-stabilizing effect of aS requires that almost two-thirds of the primary sequence of the protein be in a helical state to warrant the optimal interfacial contact, as well as to avoid aggregation of the most unfolded and hydrophobic central part of the aS sequence (52) . Thus, the hinge may be required for the protein to adapt to membrane curvature after attachment and folding of the N-terminal 25 amino acid residues. The strong tendency for helix formation of the hinge regionand likewise of peptides 9-36 and 41-65-may come into Biophysical Journal 99(7) 2116-2124 play only after nucleation by the N-terminal sequence domain.
The gradual decrease of the mean-residue ellipticities upon removal of amino acids from the N-terminus reflects an intrinsic protein property, because it is alike for different lipid compositions. This holds true also for vesicles composed of POPC, sphingomyelin, and cholesterol (molar ratio 2:2:1), strongly suggesting that the aS binding mode is the same for this electroneutral interface as for membranes with net interfacial charges or for vesicles in the gel state. This lipid mixture is close to the classic (i.e., equimolar) raft mixture of the three lipids (36) , which suggests that the favorable interaction between cholesterol and sphingomyelin results in partial phase separation and microdomain formation.
Mechanistic aspects and biomedical implications
Finally, a tentative model of aS binding and membrane interaction can be derived from our results. We hypothesize that the N-terminus of aS serves as a nucleation center for membrane binding of the full-length protein and helix folding up to approximately residue 100. A two-stage model considers binding of residues 1-25 as the initial step, and subsequent cooperative binding and folding of residues 26-100 as the second step (52, 56) . The first state leaves the protein prone to aggregation due to solvent exposure and disordering of the most hydrophobic central part of the protein (52) . In the second state, the long helix fold protects from aggregation, and allows for the full membrane-stabilizing capacity of the protein (35) . Early aggregates, usually referred to as oligomers, are believed to represent the real toxic species of the protein. Toxic oligomer formation in a membrane interface may be particularly deleterious for cell viability when it affects intracellular storage vesicles (34) . This attains even greater importance when one considers that the overwhelming number of synuclein-related disease cases is idiopathic. The culprit of the early aggregation then may be an alteration of membrane properties, e.g., the lipid composition of synaptic vesicles, rather than a defective protein structure. A subtle change in the interfacial properties may result in an extension of the time interval between the hypothetical binding modes of the protein, which may enhance the chance for hydrophobic protein-protein contact. Our approach, using peptide fragments of an intrinsically unstructured protein as employed here for aS, not only simplifies the elucidation of the initial events that lead to protein aggregation or folding in a membrane interface, but also may be useful for rational drug design and for the design of rapid drug screening methodology.
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